[1] Polycrystalline samples of Mg 2 SiO 4 forsterite and wadsleyite were synthesized and then dynamically loaded to pressures of 39-200 GPa. Differences in initial density and internal energy between these two phases lead to distinct Hugoniots, each characterized by multiple phase regimes. Transformation to the high-pressure phase assemblage MgO + MgSiO 3 perovksite is complete by 100 GPa for forsterite starting material but incomplete for wadsleyite. The datum for wadsleyite shocked to 136 GPa, however, is consistent with the assemblage MgO + MgSiO 3 post-perovksite. Marked increases in density along the Hugoniots of both phases between $130 and 150 GPa are inconsistent with any known solid-solid phase transformation in the Mg 2 SiO 4 system but can be explained by melting. Density increases upon melting are consistent with a similar density increase observed in the MgSiO 3 system. This implies that melts with compositions over the entire Mg/Si range likely for the mantle would be negatively or neutrally buoyant at conditions close to the core-mantle boundary, supporting the partial melt hypothesis to explain the occurrence of ultra-low velocity zones at the base of the mantle. From the energetic difference between the high-pressure segments of the two Hugoniots, we estimate a Grüneisen parameter (g) of 2.6 ± 0.35 for Mg 2 SiO 4 -liquid between 150 and 200 GPa. Comparison to low-pressure data and fitting of the absolute pressures along the melt Hugoniots both require that g for the melt increases with increasing density. Similar behavior was recently predicted in MgSiO 3 liquid via molecular dynamics simulations. This result changes estimates of the temperature profile, and hence the dynamics, of a deep terrestrial magma ocean. 
Introduction
[2] Evidence from mineral physics, geophysics, and cosmochemistry has now firmly established that perovskitestructured (Mg,Fe)SiO 3 and (Mg,Fe)O are the dominant solid phases present throughout the lower mantle [Knittle and Jeanloz, 1987; Fiquet et al., 2000; Shim et al., 2001b] , up to pressures where a phase change to a post-perovskite phase (i.e., CaIrO 3 structure [Murakami et al., 2004] ) and/or melting Stixrude and Karki, 2005] occur at depths near the core-mantle boundary (CMB). Improved constraints on the thermodynamic properties of all of these phases are needed to improve our knowledge of phase equilibria in the lower mantle. In particular, little is known about the properties of melts that might exist in this region of the Earth [cf. Stixrude and Karki, 2005] ; these data are crucial to understanding the consequences of such melting for mantle dynamics. Shock wave experiments provide the equation of state (EoS) at pressures and temperatures difficult to obtain using laser-heated diamond-anvil cells and serve to resolve discrepancies in melting behavior. Data over a wide range of pressures, extending into and beyond the conditions of the CMB ($136 GPa, $4000 K), can be used to constrain the thermodynamic properties of very high pressure melts. One such property, the Grüneisen parameter (g), can be accurately determined at very high compression by comparison of the principal Hugoniots of low-pressure phases and their presynthesized high-pressure equivalents [cf. Luo et al., 2002] , which obtain different internal energy states at equal volume upon shock loading. The g of Mg 2 SiO 4 liquid is also of particular importance for estimating the adiabatic temperature gradient in a terrestrial magma ocean [Miller et al., 1991] .
[3] Here we present the results of new shock wave experiments conducted using advanced recording techni-ques at pressures up to 200 GPa on polycrystalline samples of Mg 2 SiO 4 forsterite (Fo) and wadsleyite (one of the highpressure polymorphs of forsterite). Although the shock compression behavior of Fo has been studied previously [McQueen, 1968; Ahrens, 1971; Jackson and Ahrens, 1979; Raikes and Ahrens, 1979; Lyzenga and Ahrens, 1980; Syono et al., 1981a Syono et al., , 1981b Syono and Goto, 1982; Watt and Ahrens, 1983] , Hugoniot data on low-porosity polycrystalline samples are limited to pressures below 100 GPa [McQueen, 1968] , and the data at higher pressures on single-crystal samples [Jackson and Ahrens, 1979; Watt and Ahrens, 1983] show considerable scatter (Figure 1 ). In static experiments above $23 GPa [Ito and Takahashi, 1989; Shim et al., 2001a; Fei et al., 2004] , Mg 2 SiO 4 breaks down to form the assemblage MgO (periclase, Pe) + MgSiO 3 perovskite (Pv). Evidence from previous shock wave experiments suggests that the same transformation occurs during dynamic loading as well [Jackson and Ahrens, 1979; Syono et al., 1981b] , albeit at much higher pressures as a result of the overstepping of equilibrium boundaries necessary to achieve significant transformation on the short timescales of shock pressure risetimes.
[4] Melting must occur at some higher pressure along the Hugoniot of Mg 2 SiO 4 forsterite, but the data are too discrepant among the various studies to resolve the pressure at which this occurs and the density change upon melting. Shock melting can be detected in at least three different ways: from a drop in shock temperature as a superheated solid gives way to liquid with increasing pressure, from a sharp decrease in sound velocity behind the shock front (resulting from wave travel at the bulk sound velocity in the liquid as opposed to the longitudinal sound velocity in the solid), and from changes in compressibility along the Hugoniot that cannot be explained by other phase changes. A coincidence of all three indicators at the same pressure is particularly strong evidence of melting. Melting on the Fo Hugoniot was not recognized in earlier studies [Jackson and Ahrens, 1979; Lyzenga and Ahrens, 1980; Watt and Ahrens, 1983] . However, for Mg 1.8 Fe 0.2 SiO 4 olivine (Fo90), melting was well defined at pressures between 143 and 150 GPa on the basis of all three of these indicators [Furnish and Brown, 1986; Brown et al., 1987a Brown et al., , 1987b and more recently was inferred for Fo at similar pressures on the basis of reinterpretation of shock wave temperature data . The measurement of sound speed in Fo90 liquid at 168 GPa by Brown et al. [1987b] and application of equation (10) in their paper also provides the only prior determination of the Grüneisen parameter of an olivine-composition liquid at such high pressures. Their value of 2.1 ± 0.1 is substantially larger than the value ($0.5) calculated from the thermodynamic properties of the liquid at ambient or low pressures (see section 4.2 for details of the calculation). An increase in g with compression is unusual for solids but has been predicted recently for MgSiO 3 liquid on the basis of molecular dynamics simulations [Stixrude and Karki, 2005] .
[5] There are no previous data on the shock compression behavior of wadsleyite, but we expect from the behavior of analogous low-density/high-density phase pairs in the MgSiO 3 and SiO 2 [Lyzenga and Ahrens, 1980; Luo et al., 2002] systems that wadsleyite will shock to lower temperatures at given volume or pressure, and hence transformations to the high-pressure solid assemblage and melting may be delayed to higher pressure by kinetic and/or phase equilibrium considerations.
Experimental Methods

Sample Synthesis
[6] The forsterite samples were hot-pressed for 4 hours at nominal conditions of 3 GPa and 1573 K in an end-loaded piston-cylinder device, using 1.27 cm CaF 2 cell assemblies. The starting material was fine-grained synthetic forsterite powder (see the work of Mosenfelder et al. [2006] for details of the powder synthesis), which was inserted into a capsule made from rhenium foil. The assemblies were dried at $500 K overnight prior to running in the press. Temperature was measured using type C thermocouples. A soft pressure medium (CaF 2 below the sample) and a schedule of simultaneous slow decompression (1 MPa/minute) and cooling (1 K/minute) were employed in order to inhibit cracking of the samples during recovery [cf. Gwanmesia et al., 1993; Farver et al., 1994] . One half of each recovered sample was retained for use in the shock wave experiments, while the other half was used as the starting material for subsequent wadsleyite synthesis, which was performed in a Walker multi-anvil device.
[7] The cell assemblies for the multi-anvil experiments consisted of 14 mm sintered, Cr-doped MgO octahedra with zirconia insulating sleeves and thin (4.0 mm outer diameter, 3.5 mm inner diameter) graphite sleeve furnaces, designed to yield a larger sample volume than our standard assem- [1968] (filled circles) and this study (open circles). Singlecrystal data from the work of Jackson and Ahrens [1979] and Watt and Ahrens [1983] differentiated for crystallographic axis (squares, triangles and diamonds for a, b, and c axes, respectively). Single-crystal data from the work of Syono et al. [1981a] (cross symbols) not differentiated for crystallographic axis; only results from impedance match analysis shown.
blies [Mosenfelder et al., 2006] . The starting material for each experiment was inserted into a Re foil capsule. The assemblies were dried overnight at 525 K prior to running. Compression was achieved with 8-mm truncation-edgelength Toshiba WC anvils and pyrophyllite gaskets, backed up by paper and Teflon tape for support and electrical insulation. Temperature was measured using axial type C thermocouples, uncorrected for the effect of pressure on emf. A multistage, computer-controlled decompression and cooling path [cf. Gwanmesia et al., 1993] , along with the use of a NaCl disk below the samples, served to inhibit cracking during decompression. The syntheses were run at 770 metric tons and 1373 K, for 4 hours. The duration of the experiments was chosen to ensure complete transformation, according to available kinetic data for the transformation of forsterite to wadsleyite [Mosenfelder et al., 2001; Kubo et al., 2004] . The estimated pressure at 770 metric tons is 15 GPa but is beyond the range of our calibration for the 14/8 assembly [Mosenfelder et al., 2006] and hence has an uncertainty of about ±1 GPa. Note that even though graphite is metastable at these conditions, the furnaces performed well throughout the experiments as a consequence of the slow kinetics of transformation to diamond [Gwanmesia et al., 1993] .
[8] The recovered forsterite and wadsleyite samples were comprised of cylinders typically 3.3 mm in diameter, from which the Re foil capsule was removed. We used bulk density measurement (via Archimedes' method using immersion in toluene), X-ray diffraction (XRD), scanning electron microscopy (SEM), and Raman spectroscopy to characterize the samples. Bulk densities (r 0 ) were 3. ). The density deficit for wadsleyite samples could reflect incomplete transformation during the synthesis, but relict forsterite was not detected using XRD or Raman spectroscopy. The forsterite polycrystals exhibited an equilibrium foam grain-boundary microstructure, with a grain size ranging from $10 to 200 mm. The average grain size of the wadsleyite samples was finer, presumably as a result of transformation and slower grain growth kinetics at the lower synthesis temperature. Impurities (<1%) detected using energy-dispersive analysis on the SEM include NaCl, CaF 2 , enstatite, and diopside.
Shock Compression Experiments
[9] Doubly polished disks (lapped to within ±0.003 mm of uniform thickness) with dimensions of $3.3-mm diameter and $1-mm thickness were prepared from the samples and two disks (one of each phase) were mounted onto metal (W, Al 1100, Ti or Ta) driver plates ( Figure 2 ) for each planar shock wave experiment ( Table 1 ). The samples and driver plate were covered with an array of glass mirrors, aluminized on the contact side. In the case of shot 1060, we used the inclined-mirror method [Vassiliou and Ahrens, 1982] to distinguish the arrivals of the elastic and plastic waves through the front of the samples. In this case, each sample was covered with one flat and one inclined mirror.
[10] The experiments were performed either in a 90/ 25-mm two-stage light-gas gun or in a 40-mm propellant gun (for shot 1060). Plastic projectiles bearing metal flyer plates of the same composition as the driver plates were accelerated to velocities (u fp ) of 1.96 -6.86 km/s, measured (1) first arrival on driver plate mirrors, (2) final arrival through front-sides of glass mirrors on driver plate (3w, 3f) first arrivals on mirrors covering wadsleyite and forsterite samples, respectively, (4w, 4f) final arrivals on sample mirrors, (5) edge effect due to misalignment of driver plate with respect to projectile, (6) superimposed portion of radio-frequency modulated streak used for time calibration, showing modulated signal every 6.595 ns. Also shown, 100 ns scale bar.
by the double-flash X-ray method [Jackson and Ahrens, 1979] . Shock wave velocities (U s ) in the two samples were measured by filming the extinction of the glass mirrors with a streak camera writing over a duration of 660 -670 ns ( Figure 2 ). The camera writing rate is calibrated using a test streak modulated by a high-precision radio-frequency tuner at 151.6247 MHz, which provides a time signal every 6.595 ns and allows us to take into account nonlinearity of the camera writing rate. At this writing rate, the resolution of the film is better than 1 ns for clearly defined mirror cut-offs. The streak records were corrected for tilt and bowing of the flyer by fitting polynomial curves to the mirror extinctions [cf. Mitchell and Nellis, 1981a] . Particle velocity (u p ), pressure (P H ), and density (r H ) of the shock state were determined from impedance matching and the Rankine-Hugoniot equations (see section 3.1 below), using available standard Hugoniot data for the metal flyer and driver plates [Marsh, 1980; Mitchell and Nellis, 1981b; Hixson and Fritz, 1992] . Uncertainties in all derived parameters were obtained from uncertainties in the measured and standard quantities by analytical error propagation [cf. Jackson and Ahrens, 1979] .
Calculation of Theoretical Hugoniots
[11] The phase(s) obtained at peak conditions in shock wave experiments are not normally observed directly. Therefore interpretation of shock wave data where phase transitions are expected depends on comparison of data to model calculations for proposed high-pressure phase assemblages. We use MieGrüneisen theory and third-order Birch-Murnaghan isentropes for these calculations, as summarized here.
The Rankine-Hugoniot Equations and Impedance Matching
[12] The measured quantities in a shock wave EoS experiment are initial density r o , flyer velocity u fp , sample thickness d, and shock traveltime t. Shock propagation velocity U s = d / t. The flyer and driver plates are made of a standard material of initial measured density r o fp , the Hugoniot EoS of which (U s fp = C o fp + s fp u p fp , where u p is particle velocity, see also section 3.2 below) is known from previous measurements. For a shock propagating into a material initially at rest and at 0 pressure, conservation of mass, momentum, and energy are expressed:
The requirements of continuity of velocity and stress across the flyer-driver and driver-sample interfaces, together with equations (1) and (2), lead to the impedance match solution for u p :
which always yields one physically reasonable quadratic solution [Ahrens, 1987] .
Hugoniot EoS in the Absence of a Phase Transition
[13] A fully dense starting material with an initial density r o , isentropic bulk modulus at 0 pressure K oS , and pressure derivative of the bulk modulus K S 0 has a plastic Hugoniot given to third order by Ruoff, 1967] . The U s -u p line can be converted to a P-r curve using equations (1) and (2) [e.g., Ahrens, 1987] . Hugoniot states beyond the Hugoniot Elastic Limit (HEL) for materials for which the isentropic EoS is known and for materials that experience no phase transitions on compression are expected to yield states given by these equations, although terms beyond third order become significant at high finite strains and may lead to differences on the order of 20% between s and (K S 0 + 1) / 4 [Steinberg, 1982; Jeanloz, 1989] .
Computed Hugoniots Considering Phase Transitions and/or Initial Porosity
[14] If the starting material differs in phase or density from the reference isentrope of the proposed assemblage 
where f = [(r H /r ref ) (2/3) À 1] / 2, and the energy change due to compression along this isentrope is
The Mie-Grüneisen form for the thermal pressure assumes that the Grüneisen parameter of the high-pressure assemblage is only a function of density, such that the energy difference between the reference isentrope and the Hugoniot state at equal density is given by
We define the Grüneisen parameter of a given material by a two-parameter function of density
Finally, accounting for the energy of transition DE tr from the starting phase assemblage to the high-pressure phase assemblage at ambient pressure and temperature (taken as the difference in enthalpy of formation between the assemblages) and for the fact that internal energy is a path-independent state variable, we have
Note that the initial density of the target r o [in equations (1), (2), and (4)] is not necessarily equal to r ref even in the absence of phase changes; in the cases considered here, this accounts for initial porosity in the target. Equations (1) - (9) provide a closed-form solution as a function of density r H for the expected Hugoniot state (i.e., P H , DE H , U s , and u p ) of a starting material in some known phase at bulk initial density r o driven to a candidate high-pressure phase assemblage defined by six parameters (r ref ,
, and DE tr ).
[15] Finally, if we wish to infer the temperature T H of this model shock state, we also need to define the isochoric heat capacity C V of the high-pressure phase assemblage and use the equations
where C V may be taken as a constant or, for more precise characterization, a Debye form may be used with parameters C vm and q o [see .
Results and Discussion
[16] Six pairs of samples were dynamically compressed. Figure 2 shows a typical streak film record, demonstrating the time resolution of the streak camera and the typical curvature of the mirror cutoffs due to bowing of the flyer. The inclined mirror cutoffs for shot 1060 did not yield the anticipated two-wave structure information. In the case of wadsleyite, only one inclined streak was seen on the inclined mirror. This indicates that the elastic wave was overtaken by the plastic wave, enabling a clean cutoff corresponding to the plastic wave to be measured. For the forsterite sample, the arrival of an elastic precursor shortly before the plastic wave is suggested by the fuzziness of the cutoff on the flat mirror streak, which is similar to phenomena seen by Ahrens [1971] at comparable velocities for polycrystalline forsterite samples with higher porosity. In this case, the plastic wave velocity was estimated by measuring the final cutoff on the flat mirror. Interpretation of the mirror cutoffs for samples impacted at higher velocities is more straightforward because the HEL was far exceeded in these experiments [Syono et al., 1981a] .
Hugoniot Regimes
[17] The results are shown in Table 1 and in U s -u p and P-r space in Figure 3a and 3b, respectively. The Hugoniot of each starting material exhibits multiple regimes characterized by (1) elastic shock; (2) dynamic yielding and plastic Hugoniot of the low-pressure phase (LPP); (3) a ''mixedphase'' (MP) region, indicating progressive transformation to a high-pressure solid phase assemblage; (4) a high-pressure phase (HPP) region; and (5) melting. The complexity of the region below the HEL [Syono et al., 1981a; Watt and Ahrens, 1983] , not studied in the present work, is not shown in Figure 3 . In Figure 3 , we show our preferred models for segmentation of each Hugoniot into these regimes. Figure 4 expands on the uncertainty in fitting model Hugoniots for the LPP and HPP regimes that results from considering a range of input parameters, specified below and in Table 2 . 4.1.1. Low-Pressure Phase Plastic Regime
[18] Hugoniot states beyond the HEL that remain in the starting phase can be evaluated by reference to previous shock EoS experiments, where available, and/or by reference to EoS data from Brillouin scattering, static compression P-V-T, and/or ultrasonic experiments.
[19] Our datum for forsterite at $40 GPa is consistent with previous experiments on both single crystal and polycrystalline forsterite that were interpreted by Syono et al. [1981a] as forsterite in a metastable LPP regime up to $50 GPa. We note, however, that the best fitting LPP forsterite Hugoniot, U S = 6.43 + 1.06 u p (fitted to all data in the range 0. Downs et al., 1996; Li et al., 1998; Zhang, 1998] ). This discrepancy may be caused by residual strength effects above the HEL or by the onset of a mixed-phase regime at lower pressure than previously inferred. Alternatively, it may be an example of deviation between the Hugoniot and Birch-Murnaghan EoS formulations at high compressions [Jeanloz, 1989] . Similar discrepancies have been observed, for instance, in values for K S 0 derived from ultrasonic and shock wave data for row 6 elements and Zr [Steinberg, 1982] . Figure 4a shows that the difference between the LPP Hugoniots modeled from parameters determined from either shock wave or static experiments is quite small in P-r space at $40 GPa.
[20] There are no previous Hugoniot data for wadsleyite, so we must reference our result to static data in order to map out the low-pressure phase regime. For r o = 3.47 Mg/m 3 , K oS = 172 ± 2 Gpa, and K S 0 = 4.2 ± 0.1 [Li et al., 2001] , the LPP Hugoniot of fully dense wadsleyite would be U S = 7.08 km/s + 1.35 u p . However, the average initial density of our samples is 3.412 Mg/m 3 (lower than the theoretical density for wadsleyite, 3.47 Mg/m 3 ), so we apply a MieGrüneisen correction (see section 3.3, equation 8) using g o = 1.32 and q = 1 [Kiefer et al., 2001 ] to obtain a model Hugoniot. The resulting curve does not fit any of our data within error. However, if by analogy to the forsterite LPP regime we assume K S 0 = 3.25 for wadsleyite, then the resulting model LPP Hugoniot for initial wadsleyite with bulk density of 3.412 fits both the 41 and 76 GPa data for wadsleyite. The 106 GPa datum on wadsleyite is only slightly below this LPP Hugoniot. We interpret this as evidence that the low-pressure phase persists to substantially higher pressure on the wadsleyite Hugoniot compared with the forsterite Hugoniot, because of lower shock temperatures and hence more sluggish transformation kinetics. However, a final interpretation of the LPP regime on the wadsleyite Hugoniot depends on resolving the discrepancy in apparent K S 0 between shock wave and static compression data.
Mixed-Phase Regime
[21] Syono et al. [1981a] proposed that a ''mixed-phase regime'' exists for single-crystal forsterite shocked to pressures between 50 and 120 GPa and that this regime exists over a smaller pressure range for polycrystalline forsterite (best seen in U s -u p space, in the work of Syono et al. [1981a] , Figure 2) . Examination of the literature data (Figure 1) , however, reveals a lack of data for single crystals between $60 and 80 GPa and, as already mentioned, considerable scatter in the data at higher pressures. Therefore precise delineation of the MP regime for single crystals is not possible based on available data. Moreover, the nature of the MP regime is not well understood. On the basis of recovery experiments conducted up to 75 GPa, Jeanloz [1980] argued that no reconstructive transformation actually occurs within this region but that a variety of compression mechanisms of the olivine structure could be invoked to explain the Hugoniot data. However, later experiments performed to higher pressures by Syono et al. [1981b] recovered samples showing partial breakdown of forsterite to MgO plus a glassy phase with a composition close to MgSiO 3 considered to represent former perovskite. Furthermore, Syono et al. [1981b] pointed out that the peak temperatures in recovery experiments are significantly lower than in Hugoniot EoS experiments, necessitating higher equivalent pressures to drive transformation. It therefore appears reasonable that the MP region on the Hugoniot in fact represents a region of partial transformation to the high-pressure assemblage. We propose that our data at $71 GPa for forsterite and at 106 GPa for wadsleyite are in the MP regime; like the metastable LPP regime, the MP regime is expected to extend to higher pressure for wadsleyite because of the colder temperatures reached along the Hugoniot. We note again, as discussed above, that the data at 40 GPa for forsterite and at 41 and 76 GPa for wadsleyite may also be in the MP regime if the static measurements of K 0 are used to define the LPP Hugoniot.
High-Pressure Phase Regime
[22] We interpret the data at 97 and 130 GPa for forsterite and 136 GPa for wadsleyite to represent solid-state HPP regimes. This case can be made more strongly for the forsterite data because with two data points, we can observe the slope of the Hugoniot in this interval and document that it is much steeper than in the MP regime, consistent with compression of a constant phase assemblage rather than with progressive transformation to denser structures. For wadsleyite, we have only one data point in this regime, and therefore the conclusion that it is a HPP rather than MP regime is based on reference to model HPP Hugoniots, as discussed below.
[23] Jackson and Ahrens [1979] proposed that their data on forsterite from 120 to 165 GPa reflect complete transformation to the high-pressure assemblage Pe + Pv. A puzzling issue is that later experiments by Watt and Ahrens [1983] demonstrated a strong influence of crystallographic orientation on the Hugoniot, with crystals shocked along the a and c axes reaching lower density shock states than those shocked by Jackson and Ahrens [1979] along the b axes. However, such crystallographic dependence was not seen in Fo90 olivine single crystals shocked to similar pressures [Furnish and Brown, 1986] or in enstatite single crystals . Taken together, the Hugoniot data on single-crystal Fo at pressures of 120 GPa and above show extreme scatter (Figure 1) , presenting considerable difficulty for accurately defining the high-pressure phase segment of the Hugoniot.
[24] Our data define a HPP regime with a significantly stiffer Hugoniot than that proposed by Jackson and Ahrens [1979] . From a fit to the forsterite data at 97 and 130 GPa (segment 4f in Figure 3) , we obtain U S km=s ð Þ¼ 2:57 AE 0:93 ð Þ þ2:04 AE 0:27 ð Þ u p (note that the uncertainty in the slope and intercept of this fit are correlated; in the u p range defined by the data, the uncertainty in U s is only $0.1 km/s).
[25] We interpret this data by calculating the theoretical Hugoniots (Figures 3 and 4) for conversion from forsterite to various high-pressure assemblages using the equations given in section 3 and the parameters listed in Table 2 . Properties of multiphase assemblages are calculated from single-phase properties at ambient pressure using VoigtReuss-Hill (VRH) averaging [e.g., Stacey, 1998 ] to obtain bulk properties.
[26] The prediction of HPP Hugoniots depends on the selection of parameters defining possible high-pressure phases. We present multiple sets of parameters for these phases to reflect the uncertainty in our modeling. For periclase, we use both the model of Fei et al. [1990] and a more recent, global fit to static and shock wave data by (D. Sun et al., manuscript in preparation, 2007) . For the post-perovskite (PPv) phase of MgSiO 3 , we must use the density functional theory calculations of Oganov and Ono [2004] or Tsuchiya et al. [2005] , since experimental data cover an insufficient pressure range to define the thermal EOS of this phase. For MgSiO 3 perovskite, there is unfortunately considerable disagreement among published static EoS and ultrasonic data, so we derive two sets of parameters from two approximately self-consistent subsets of the literature data. The first set of parameters considers P-V-T data from the work of Funamori et al. [1996] , Fiquet et al. [1998] , Saxena et al. [1999] , and Vanpeteghem et al. [2006] and simultaneous XRD and ultrasonic data from the work of Li and Zhang [2005] . Notably, this fit has K 0 = 4.34 and is clearly inconsistent with the data of Fiquet et al. [2000] . The second set of parameters considers data from the work of Funamori et al. [1996] , Fiquet et al. [1998] , Fiquet et al. [2000] , and Vanpeteghem et al. [2006] . It yields K 0 = 3.98 and is clearly inconsistent with the data of Saxena et al. [1999] and Li and Zhang [2005] . We find that this fit yields densities at high pressure higher than those determined for PPv by Murakami et al. [2004] , whose data define a density increase for the Pv-PPv transition. The second set of parameters and calculations based on it are presented here to reflect the uncertainty in our modeling exercise that results from discrepant literature data, but we prefer the first set of parameters for Pv and emphasize the interpretation based on this set.
[27] We find that the HPP segment of the forsterite Hugoniot is consistent with the assemblage Pe + Pv within the errors of the data and the first set of Pe + Pv model parameters (Figure 4) . The Hugoniot of wadsleyite, on the other hand, contains no data points consistent with the assemblage Pe + Pv, assuming the first set of Pe + Pv model parameters. Although the wadsleyite data point at 136 GPa can be reconciled with the assemblage Pe + Pv using the second set of Pe + Pv model parameters, this leaves us with no acceptable interpretation for the HPP segment of the forsterite Hugoniot. Instead, we prefer the interpretation that the wadsleyite data point at 136 GPa represents an assemblage of Pe + PPv. The estimated shock temperature for this data point (3600 K; calculated using equations 10 and 11) is indeed in the stability field of PPv + Pe [Murakami et al., 2004] , whereas the forsterite data are at higher temperature, in the perovskite + MgO stability field or its superheated metastable extension. To our knowledge, this is the first inference of PPv in a shock wave experiment.
Melt Regime
[28] The density increases by 6.0 ± 2.7% on the forsterite Hugoniot between 130 and 142 GPa and by 4.6 ± 1.6% on the wadsleyite Hugoniot between 136 and 151 GPa. We argue that the large density increases in this range result from melting. The densities obtained at 142 GPa for forsterite and at 151 GPa for wadsleyite are denser than the prediction for Pe + PPv (Figure 4) , which is the densest known solid phase assemblage in this system. Similar density increases upon melting have been observed on the Hugoniots of quartz, cristobalite, enstatite, and enstatite glass [Akins and Ahrens, 2002; Akins et al., 2004] , where additional information such as shock temperature and sound velocity measurements constrains the interpretation that melting of these silicates at high shock pressures occurs with increases in density.
[29] The density increases along the Hugoniots cannot be directly interpreted as density differences across the highpressure melting curve until two corrections are made. First, the expected compression of the HPP phase assemblage must be accounted for to yield comparisons of volume at equal pressure. Second, the states inferred along the high-pressure solid and melt Hugoniots at the transition pressure are at different temperatures and a correction for thermal expansion of the HPP solid assemblage is required .
[30] First, we extrapolate the HPP solid Hugoniot densities to the pressure of the first melt-regime data. The increase in density along the forsterite Hugoniot between 130 and 142 GPa is 0.309 ± 0.139 Mg/m 3 . The slope of the Pe + Pv model Hugoniots in P-r space in this pressure range suggests an increase in density of 0.078 Mg/m 3 , whereas the linear slope defined by the two HPP regime data points for forsterite suggests an increase of 0.056 Mg/m 3 . Taking the average of these two estimates, the increase in Pe + Pv density is 0.067 ± 0.011 Mg/m 3 over this pressure range. This leaves a difference of 0.242 ± 0.150 Mg/m 3 (4.7 ± 2.9%) between the solid and melt Hugoniot densities for forsterite at 142 GPa. For wadsleyite, the increase in density from 136 to 151 GPa is 0.245 ± 0.086 Mg/m 3 . The slopes of the two (nearly identical) Pe + PPv model Hugoniots imply an increase of 0.075 ± 0.005 Mg/m 3 , leaving a difference of 0.170 ± 0.091 Mg/m 3 (3.2 ± 1.7%) between the solid and melt Hugoniot densities for wadsleyite at 151 GPa.
[31] Next, we estimate what fraction of the observed density increase is due to thermal expansion and the temperature difference between solid and melt Hugoniot states. Properties of the unknown high-pressure melt phase (see below) needed to estimate shock temperature are derived by fitting the data; we consider that structural changes with compression in the melt make it unreasonable to try to fit the HPP melt data with the properties of forsterite liquid at ambient pressure (see Akins et al. [2004] ). For shock temperature estimates in the Pe + Pv, Pe + PPv, and melt regimes, we employ equations (10) and (11) and assume a constant heat capacity C v of 3nR = 1240 J/kg, where n = 7 is the number of atoms per formula unit and R is the universal gas constant. Model shock temperatures for the solid assemblages at the pressure of the first point on the Hugoniot interpreted as melt are 750-1100 K higher than the corresponding model shock temperatures for the melt, and thermal expansion coefficients of Pe + Pv or Pe + PPv at 142 -151 GPa (estimated from (@V / @T) P = gC V / K T ) are 1 ± 0.1 Â 10 À5 [cf. Stacey, 1998 ]. This leads to a difference of 1.0 ± 0.2% (absolute) between the observed density difference and the estimated equilibrium density change on melting. Combining this difference with the extrapolation of the Hugoniots outlined above, we find that the high-pressure melt of Mg 2 SiO 4 composition is 3.7 ± 3.0% denser than Pe + Pv at 142 GPa and 2.2 ± 1.8% denser than Pe + PPv at 151 GPa. These formal uncertainties taken separately suggest that this result is marginally significant for either the forsterite or wadsleyite data independently, but the agreement between the density increases observed upon melting on both Hugoniots provides confidence that the melt is in fact denser than the solids.
Grü neisen Parameter of Mg 2 SiO 4 Liquid
[32] The internal energies (E) of the Hugoniot states are calculated according to equation (3) [e.g., Ahrens, 1987] . On the basis of the energy and pressure difference between the two inferred melt Hugoniots, we can estimate the Grüneisen parameter (g) of high-pressure melt of Mg 2 SiO 4 composition, assuming the Mie-Grüneisen EoS (g(V) = V(DP / DE) v ) and taking into account the transition energy between forsterite and wadsleyite at ambient conditions (constrained by calorimetry to 2.1 Â 10 5 J/kg; [Jacobs and Oonk, 2001] ). The solid line in Figure 5 shows this calculation of g as a function of density, determined from the difference between the two Hugoniot curves (constrained by two data points for forsterite and two for wadsleyite) and plotted within the density range of the melt-phase data; the uncertainty envelope is propagated from uncertainties in all the input data and parameters.
The best fit values of g are nearly constant in this range, decreasing from 2.68 to 2.49 with increasing density from 5.4 to 5.7 Mg/m 3 . A similarly high value, g = 2.1, was derived by Brown et al. [1987b] for Fo90 olivine shocked into the melt regime at 168 GPa, on the basis of sound velocity measurements.
[33] The errors on the differential calculation shown in Figure 5 allow for the value of g to increase, decrease, or remain constant with increasing density within the range sampled by our data points. However, 2.58 ± 0.1 is a very large value for g of a silicate liquid at ambient conditions. For example, the g of Mg 2 SiO 4 liquid at its 1 atmosphere liquidus temperature, estimated from partial molar volume and thermal expansion data [Lange and Carmichael, 1990] , compressibility data [Ghiorso et al., 2002] , and heat capacity data [Lange and Navrotsky, 1992] , is 0.51 (thermodynamic identities needed for this calculation are in the work of Poirier [2000] , section 2.3). This suggests that over a larger density range, g increases with compression. Whereas the value of g in solid phases that do not undergo phase transformations normally decreases upon compression [e.g., Jeanloz and Roufosse, 1982] , structural changes with compression cause liquids to show the opposite behavior, with g increasing with decreasing volume [e.g., Stixrude and Karki, 2005] .
[34] We can also constrain the global g(V) function with a different treatment of our data, by fitting the ''absolute'' positions of the four melt-phase data on the forsterite and wadsleyite Hugoniots to a complete EoS for the HPP melt phase. We calculate theoretical Hugoniots for conversion of forsterite and wadsleyite to the model HPP melt phase and compute an error function (c 2 ) from the sum of squared differences in pressure and u p (weighted by data uncertainty) between the data and the model (evaluated at the experimental volume) for the four melt data points. Minimization of this error function yields a preferred model. Although there are too many parameters (V o 
, and E tr ) to uniquely define the EoS of the high-pressure melt phase from four data points, the allowable range of parameters is bounded by the data and by plausibility arguments, as illustrated in Figure 6 . Since the essential point we wish to demonstrate is that the Grüneisen parameter increases with compression (i.e, q < 0), we show best fitting solutions as a function of fixed values of q. We only find acceptable fits (c 2 < 10) for q < À1.0. Fits for q > À1.0 have higher c 2 values and negative transition energies from forsterite to HPP melt, which we consider unrealistic as it implies that forsterite is metastable relative to HPP melt at ambient conditions, if this parameter is unconstrained. For q in the range of À2.0 to À3.0, the value of c 2 is acceptable but the value of E tr rises steeply. The range of successful values for the g(V) function, referenced to an initial density of 2.7 Mg/m 3 , is 0.
. This range of models is represented by the hashed-line envelope in Figure 5 , and parameters corresponding to three representative models within this envelope are provided in Table 2 . Importantly, we cannot obtain melt phase Hugoniots that fit our data with a constant or decreasing g(V) function. This result in the Mg 2 SiO 4 system provides experimental verification of the behavior predicted by Stixrude and Karki [2005] in MgSiO 3 . We note, however, that our data cannot constrain whether g in the liquid increases continuously with compression, as illustrated in Figure 7 . Stixrude and Karki [2005] observed a continuous change in thermodynamic properties in model MgSiO 3 liquid, attending a continuous, linear increase in mean silicon-oxygen coordination number with compression. However, many glasses and some liquids display polyamorphic or liquid-liquid phase transitions [McMillan, 2004] , which could manifest as discontinuous jumps in g Figure 5 . Grüneisen parameter (g) of Mg 2 SiO 4 liquid versus density. Heavy solid line shows result from differential analysis of DE and DP between the melt-phase forsterite and wadsleyite Hugoniot data within the density range sampled by the experiments (1s uncertainty envelope for this function shown by light solid lines). Hashed-line envelope (within the dashed lines) shows the range of best fitting g functions derived from an overall fit of the EoS of HPP melt to the absolute positions of the melt-phase Hugoniot data, extrapolated to ambient pressure (see Table 2 for parameters derived from fitting). Figure 6 . Sensititivity analysis of fitting HPP melt EoS to the absolute positions of the melt-phase Hugoniot data. Chisquare value (see text) and E tr shown as a function of fixed value of 0. For q > À1.0, E tr is fixed to 0 in this figure because otherwise it would converge to a negative value, which is unrealistic. and r accompanying relatively sudden coordination changes.
Implications
Density of Melts at the CMB
[35] The density increase upon melting observed in this study is comparable to that seen upon melting on the Hugoniot of enstatite at 170 GPa by Akins et al. [2004] . The similarity of these two results suggests that the presence of melt phases denser than solids in the MgO-SiO 2 system at pressures near the CMB is a robust result that applies over the entire Mg/Si range of likely mantle compositions. In Figure 7 , we show the predicted density crossover for selected solids and liquid, plotted along the P-T curve of the liquidus of Mg 2 SiO 4 . The liquidus is calculated from static experimental data at low pressures [Davis and England, 1964; Presnall and Walter, 1993] and from the melting curve of , on the basis of modification of the shock temperature data of Lyzenga and Ahrens [1980] .
[36] Recently, on the basis of first-principles moleculardynamics simulations, Stixrude and Karki [2005] proposed that the density under lower mantle conditions of MgSiO 3 liquid closely approaches that of Pv but does not exceed it. However, they pointed out that partitioning of other elements (Fe and Ca) into the melt in a real multicomponent system might be sufficient to make the liquid denser than the solid. Our present results also support the idea that melts are negatively or neutrally buoyant at pressures close to the CMB, where temperatures may be high enough to induce melting. This lends further credence to previous models calling for a dynamically stable partial melt to explain the existence of ultra-velocity zones at the base of the mantle [Garnero and Helmberger, 1995] .
Magma Ocean Dynamics
[37] Thermodynamic identities show that an alternate definition of g is [@lnT / @lnr) S , which means that this parameter can be interpreted as the adiabatic temperature gradient with increasing density [Miller et al., 1991] . Our determination of the Grüneisen parameter of Mg 2 SiO 4 liquid thus provides an estimate of the temperature profile of a deep terrestrial magma ocean. This is briefly illustrated in Figure 8 , which shows the liquidus of forsterite throughout the mantle pressure range (see section 5.1) and the isentropic temperature profile at the onset of first crystallization for two cases, corresponding to the conventional estimate of g = 1.5 (V / V o ) [Miller et al., 1991] and our new estimate of g = 0.75 (V / V o ) À1.7 . Pressure-volume along both isentropes was calculated using the third-order BirchMurnaghan expression with V o = 52.054 cc/mol [Lange and Carmichael, 1990] and K oS = 27 GPa [Ghiorso et al., 2002] . For the conventional g formulation, we use K S 0 = 5 [Ghiorso et al., 2002] ; in conjunction with our proposed g function, we use K S 0 = 3.8. The constraints on K 0 of the liquid are wide, but we have chosen the value so as to go through our high-pressure data. Although this formulation is strictly appropriate only for low pressures, it fits reasonably well the density predicted from molecular dynamics by Belonoshko and Dubrovinsky [1996] up to 135 GPa and should serve to illustrate the approximate form of the isentrope in P-T space.
[38] Compared to the conventional estimate [Miller et al., 1991] of q = 1 (i.e., constant g / V), our estimate of q leads to a temperature $50% higher at the CMB for adiabats with equal potential temperature. This is a large enough difference to substantially influence the dynamics of a magma ocean, for instance affecting whether the magma ocean is expected to crystallize from the bottom or from the top. For the conventional estimate, the critical adiabat has a potential temperature of 2300 K, is almost parallel to the liquidus, and intersects it at the CMB. This model suggests that a whole mantle forsterite magma ocean, upon cooling, would begin to differentiate by fractionation of perovskite or (Miller et al. [1991] , heavy gray line) and g = 0.75 (V / V o ) À1.7 (this work, light grey line).
periclase at the bottom. On the other hand, for our new estimate of g, the critical adiabat has a potential temperature of 2192 K (similar to the 1 bar liquidus of forsterite), is much steeper than the liquidus, and intersects it near the surface. This model suggests that a whole mantle forsterite magma ocean would begin to differentiate by fractionation of olivine at the top or possibly majorite near the transition zone. Subsequent evolution would be modified by complicated effects including crystal flotation/sinking, change in residual liquid composition, and development of boundary layers [e.g., Agee and Walker, 1988; Abe, 1997; ElkinsTanton et al., 2005] . It is beyond the scope of this paper to construct a comprehensive magma ocean evolution model. Therefore we merely point out the dramatic effect that our measured parameters would have on the initial stages of such a model.
